Abstract A major challenge in allogeneic bone marrow (BM) transplantation is overcoming engraftment resistance to avoid the clinical problem of graft rejection. Identifying gene pathways that regulate BM engraftment may reveal molecular targets for overcoming engraftment barriers. Previously, we developed a mouse model of BM transplantation that utilizes recipient conditioning with non-myeloablative total body irradiation (TBI). We defined TBI doses that lead to graft rejection, that conversely are permissive for engraftment, and mouse strain variation with regards to the permissive TBI dose. We now report gene expression analysis, using Agilent Mouse 8x60K microarrays, in spleens of mice conditioned with varied TBI doses for correlation to the expected engraftment phenotype. The spleens of mice given engrafting doses of TBI, compared with non-engrafting TBI doses, demonstrated substantially broader gene expression changes, significant at the multiple testing-corrected P <0.05 level and with fold change ≥2. Functional analysis revealed significant enrichment for a down-regulated canonical pathway involving B-cell development. Genes enriched in this pathway suggest that suppressing donor antigen processing and presentation may be pivotal effects conferred by TBI to enable engraftment. Regardless of TBI dose and recipient mouse strain, pervasive genomic changes related to inflammation was observed and reflected by significant enrichment for canonical pathways and association with upstream regulators. These gene expression changes suggest that macrophage and complement pathways may be targeted to overcome engraftment barriers. These exploratory results highlight gene pathways that may be important in mediating BM engraftment resistance.
Introduction
Transplantation of allogeneic bone marrow (BM) and peripheral blood stem cells is curative for many hematologic malignancies and non-malignant disorders of hematopoiesis (Gluckman 2009; Thomas and Blume 1999) . Pre-transplant recipient conditioning with chemotherapy or irradiation is required, however, to avoid the problem of graft rejection (Barrett 2000) . Many preparative regimens in clinical use are effective for achieving donor engraftment, but have numerous toxicities and contribute substantially to post-transplant morbidity and mortality (Bacher et al. 2009 ). Thus, understanding barriers that resist BM engraftment is central to successful allogeneic hematopoietic cell transplantation.
These barriers are difficult to study because multiple cell types, molecular pathways, and resistance mechanisms act in concert to reject donor BM cells. Both host natural killer cells and T-cell lymphocytes can mediate immune resistance to engraftment (Shizuru et al. 2010) . Elimination of donor BM by these immune cells rely on cell killing mechanisms that can involve granzyme, perforin, or Fas ligand-mediated death pathways (Zimmerman et al. 2005a) . Key cytolytic pathways have not been identified, however, because using targeted knockout rodent models to neutralize each one at a time, or even several simultaneously, fail to eliminate engraftment barriers (Baker et al. 1995; Komatsu et al. 2003; Scheffold et al. 2005; Zimmerman et al. 2005b ). In addition, non-immune mechanisms related to the requirement for creating BM "space" in recipients, reflecting effects on hematopoietic stem cell niche interactions, contribute to engraftment resistance (Schofield 1978) . These redundancies in mechanisms causing BM rejection have confounded efforts to study engraftment barriers using traditional cellular and immunologic techniques.
Total body irradiation (TBI) has long been used in preparative regimens for allogeneic BM transplantation in both the clinical setting as well as in experimental rodent models (Barrett 1982; Reddy et al. 2008 ). Previously, we developed an MHC-matched mouse model of BM allograft rejection where the minimum TBI dose permissive for engraftment varied between two mouse strains (Cao et al. 2009 ). We had used this TBI dose as trait variance for a quantitative genetic study and identified, by linkage analysis, a trait locus on mouse chromosome 16 termed Bmgr5. This trait locus regulated BM engraftment by conferring dominant susceptibility alleles with large effects in regards to the engraftment phenotype.
Our non-myeloablative BM transplant model is also highly suitable for forward genetic studies based on global transcriptome profiling. It defined a range of TBI doses that accurately and reliably correlate with BM engraftment and mouse strain variation with regards to the permissive TBI dose. Thus, systematic experimental grouping according to the TBI dose, and the recipient mouse strain, could be used to assign gene expression profiles that are derived from mice expected to engraft as opposed to those expected to reject. The aim of the present study was to use Agilent 8x60K microarrays to investigate differential gene expression induced by TBI in spleens of these recipient mice. Such an evaluation may provide insight into key gene pathways that mediate the permissiveness for engraftment enabled by recipient conditioning with TBI.
Materials and methods
Animal facilities and equipment All work with mice was conducted in accordance with procedures outlined in the NIH Guide to Care and Use of Experimental Animals. Experimental protocols were approved by the University of Utah Institutional Animal Care and Use Committee. All mice were bred and maintained at the Animal Resource Center at the University of Utah, Salt Lake City, Utah. Total body irradiation (TBI) was delivered using an X-RAD 320 Biological Irradiator (Precision X-Ray, North Branford, CT, USA).
Allogeneic BM transplantation BM was harvested from AKR/J (H2 k , Thy1.1) donor mice following CO 2 asphyxiation and transplanted at a dose of 1×10 7 per recipient mice via retro-orbital injection. BALB.K (H2 k , Thy1.2) and B10.BR (H2 k , Thy1.2) recipient mice were conditioned with non-myeloablative TBI delivered in a single fraction on day 0. The TBI dose was 300, 400, or 500 cGy, depending on the recipient mouse strain. Engraftment in recipient mice was evaluated at 6 and 8 weeks post-transplantation. T-cell chimerism was assessed by flow cytometry analysis using monoclonal antibodies against Thy1.1 (Ox-7) expressed by donor mice and Thy1.2 (53-2.1) expressed by recipient mice as previously described (Cao et al. 2009 ).
Gene expression microarray Genome-wide gene expression profiling was performed using total RNA isolated from spleens of BALB.K and B10.BR mice at rest and 24 h after TBI (300 and 400 cGy for BALB.K, or 300 and 500 cGy for B10.BR). Whole spleens were collected in the Trizol Reagent (Life Technologies, Grand Island, NY, USA) and homogenized with a rotor-stator device for RNA extraction using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) with on-column DNase treatment. One-color Cy3 RNA labeling and array hybridization to Agilent SurePrint G3 8x60K Mouse Gene Expression Arrays (Agilent Technologies, Santa Clara, CA, USA) were performed by the Huntsman Cancer Institute Microarray Core Facility (University of Utah, Salt Lake City, UT). All microarray data have been deposited in the NCBI Gene Expression Omnibus database (accession number GSE43310).
Microarray data analysis RNA samples for each individual microarray were pooled from three male mice. For each experimental group, microarrays were then performed in triplicate for statistical analysis. Raw microarray signal data was extracted using Agilent Feature Extraction software and loaded for processing in Agilent GeneSpring GX 11 software. Log-transformed signal intensity values were globally normalized using the percentile shift algorithm, shifting to the 75th percentile of each sample, for per chip normalization.
This was followed by baseline shifting to the median of all samples for per gene normalization. Statistical significance in gene expression was determined using P values calculated from the unpaired Student's T test. All microarray-related P values reported in this study are corrected for multiple testing using the Benjamini-Hochberg False Discovery Rate method (B-H P values). Of significantly differentially expressed RNA (B-H P value<0.05), only those with greater than or equal to a 2-fold increase or decrease in expression compared to controls were used for functional analyses.
Functional analysis of gene expression data Pathway analysis of gene expression changes was performed using Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems, Redwood City, CA, USA). Significant enrichment for genesets in IPA-curated canonical pathways was determined using Fisher's exact test P values with multiple testing adjustments according to the Benjamini-Hochberg False Discovery Rate method. Additionally, a ratio is calculated from the number of molecules, from our gene expression data, that overlap with the pathway divided by the total number of molecules that map to the canonical pathway.
IPA Upstream Regulator Analysis was used to predict which upstream regulators are activated or inhibited to explain the pattern of significant up/down-regulation of gene expression. A Fisher's exact test P value was used to assess for significant overlap between known targets of each upstream regulator, manually curated in the IPA database, and observed gene expression changes in our dataset. A Z-score algorithm was used to evaluate the known targets of upstream regulators in addition to the expected direction of change in gene expression. Statistical significance was conferred at the Z-score ≥2.0 level.
Flow cytometry Single-cell suspensions from spleens were blocked with normal mouse serum and stained with anti-B220 (RA3-6B2) PerCP and andi-CD11c (HL3) APC as described (Gu et al. 2013) . Flow cytometry data were collected on a FACSCalibur instrument (BD Biosciences, San Jose, CA, USA).
Real-time PCR Total RNA from spleen was reverse transcribed with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) for real-time PCR using the LightCycler 480 SYBR Green I Master reagent on a LightCycler 480 instrument (Roche Diagnostics, Indianapolis, IN, USA). PCR cycling parameters were as follows: initial incubation at 95°C for 10 min, 45 cycles of 95°C for 10 s, 65°C for 20 s, and 72°C for 30 s. Primer sequences are provided in Supplemental Table 1. Relative quantitation was performed by the comparative cycle threshold method using β-actin as internal controls (Schmittgen and Livak 2008) .
Statistical analysis Statistical analysis was performed using SPSS 13.0 software. Differences in the proportions of engrafting mice and the means of real-time PCR relative expression values was determined, respectively, using the Fisher's exact test and Student's T test. Statistical significance was conferred at the P <0.05 level using two-tailed P values. Venn diagrams were constructed using BioVenn (Hulsen et al. 2008) .
Results
Allogeneic BM engraftment phenotype Prior to collecting samples for microarray analysis, the engraftment phenotype in BALB.K and B10.BR recipients was re-assessed. Recipient mice were conditioned with a non-myeloablative dose of TBI and transplanted with allogeneic BM from AKR/J donors. Donor engraftment was defined as the detection of donor T cells at both 6 and 8 weeks post-transplant by flow cytometry of peripheral blood. As shown in Table 1 , and in congruence with prior observations, all BALB.K mice engrafted with AKR/J BM when conditioned with TBI 400 cGy but not with TBI 300 cGy (Cao et al. 2009 ). Thus, for this strain 400 cGy is the engrafting TBI (E-TBI) dose while 300 cGy is the non-engrafting TBI (NE-TBI) dose. TBI 400 cGy was not permissive for BM engraftment in B10.BR mice (0/7, 0 %), however, which required TBI 500 cGy for reliable engraftment. Engrafted BALB.K and B10.BR mice demonstrate comparable levels of donor T-cell chimerism and representative engrafting mice were confirmed to achieve multi-lineage donor engraftment in B cell and myeloid cells by RT-PCR (data not shown). These results confirm a stable allogeneic BM engraftment phenotype suitable for global gene expression analysis. Gene expression in mice conditioned with TBI Gene expression profiling was performed using total RNA from spleens of BALB.K and B10.BR mice 24 h after TBI without donor BM injection. Host immune cells in secondary lymphoid spaces are thought to represent the largest barrier to allogeneic BM engraftment (Shizuru et al. 2010) . The cell types involved are diverse and include natural killer cells, T cells, their corresponding antigen presenting cells, and other effector cells such as macrophages. Thus, we selected bulk splenocyte populations as the source of RNA for global gene expression analysis. Determining the optimal time point after TBI to harvest spleens for RNA extraction was more difficult. Assays based on spleen cell proliferation or progenitor cell assays, both of which measure early rejection, suggest that BM allograft rejection can occur during the first 5 days after transplantation (Baker et al. 1995; Davenport et al. 1995) . Key transcriptional events in recipients induced by TBI permitting engraftment is likely to occur during this time period. Meanwhile, the early biochemical events that begin with TBIinduced DNA double-strand breaks and that then progress to recruitment of DNA damage sensors, chromatin remodeling, and ultimately to downstream transcription repression and induction occurs during the first few hours (Friedl et al. 2012; Xu and Price 2011) . Our own prior studies in spleens of mice treated with TBI showed that apoptotic splenocytes, detected by propidium iodide staining, arise within 24 h after irradiation and near total viable cell depletion is achieved within 72 h (Cao et al. 2009 ). As a final consideration, the trafficking of transplanted donor BM stem cells likely involve early trafficking to spleen, as suggested by studies based on in vivo bioluminescence imaging studies (Cao et al. 2004 ). Thus, we chose to evaluate transcripts isolated from spleens of recipient mice 24 h after TBI, without prior BM injections to avoid potentially confounding donor RNA. The gene expression analysis was performed using Agilent G3 8x60K microarrays, and the results are summarized in Table 2 . We performed single-color Cy3 labeling and used BALB.K and B10.BR mice not given TBI as control samples for data analysis. Nearly 6,000 probe features are differentially expressed between un-irradiated BALB.K compared with B10.BR mice, at a significance level of B-H P value <0.05 and with fold change ≥2.0. This widespread degree of differential gene expression is consistent with published observations regarding mouse straindependent transcriptional regulation (Su et al. 2008) . A similar extent of global expression changes was observed after treatment with E-TBI doses, which were 400 cGy for BALB.K and 500 cGy for B10.BR, when compared with un-irradiated same-strain controls. Substantially less extensive gene expression changes were observed with mice irradiated with NE-TBI doses, which was TBI 300 cGy for both BALB.K and B10.BR mice.
Venn diagrams of significant microarray results are shown in Fig. 1 . For both BALB.K and B10.BR mice, nearly all probe features significantly regulated in mice given NE-TBI doses overlapped with mice given E-TBI doses (Fig. 1a, b) . Thus, each mouse strain acquired approximately 3,000 additional significant probe features as a result of increasing the irradiation dose from NE-TBI to E-TBI levels. A comparison of genomic changes in BALB.K and B10.BR mice given E-TBI doses, as shown in Fig. 1c , revealed that approximately half of all significant probe features for either strain intersected and are shared between the two mice while the remainders are unique to each without overlap. These results show experimental groupings that will be used to generate genelists from the microarray data for functional analyses.
Gene pathway analysis in mice conditioned with engrafting TBI doses We first performed pathways analysis of gene expression profiles corresponding to BALB.K and B10.BR mice conditioned with E-TBI doses. A genelist of differentially expressed probe features shared by BALB.K and B10.BR mice is provided as Supplemental File 1, for probe features unique to BALB.K mice as Supplemental File 2, and for probe features unique to B10.BR mice as Supplemental File 3. These genelists were used to identify significant enrichment for canonical pathways in the IPA database. As shown in Fig. 2a , the genelist of probe features unique to B10.BR mice had no gene pathways that were significantly enriched after correction for multiple testing. Figure 2b shows that there were seven canonical pathways significantly enriched in the genelist unique to BALB.K mice. These pathways are all down-regulated and overrepresented for genes involved in control of DNA damage repair, cell cycle progression, and apoptosis. None of these pathways were significantly enriched in the genelist of probe features shared by both B10.BR and BALB.K mice or in the one unique to the B10.BR strain alone. The genelist with significant probe features shared by both BALB.K and B10.BR mice, in which both mice were conditioned with E-TBI doses, may be most insightful for identifying key pathways important in mediating permissiveness for BM engraftment. As shown in Fig. 2c , this genelist is significantly overrepresented in seven up-regulated and three downregulated canonical pathways. A complete list of genes in our genelist that overlap with components for each IPA canonical pathway is provided in Supplemental Table 2 . All upregulated pathways participate in inflammation, and this was reflected by partial overlap between pathway components comprised of a number of pro-inflammatory molecules. For example, as shown in Supplemental Fig. 1 , the retinoid and liver X receptor, atherosclerosis signaling, and hepatic fibrosis pathways intersect at group of genes that include Mcsf, the macrophage colony stimulating factor, individual apolipoproteins implicated in macrophage inflammatory responses, and pro-inflammatory cytokines such as interleukin 1 (IL-1), the IL-1 family members IL-18 and IL-33, and their corresponding receptors (Mak et al. 2002; Smith 2011) . Also upregulated are canonical pathways involving alternative pathway complement factors and matrix metalloproteases, both of which have well-recognized roles in innate immunity and inflammation (Mastellos et al. 2005; Parks et al. 2004 ). The complement pathway (−log 10 B-H P value=5.63, ratio=0.46), along with the down-regulated B-cell development pathway (−log 10 B-H P value=4.34, ratio=0.39), bear special mention in that both the P value of significant enrichment and the ratio of overlapping pathway molecules are high. Intriguingly, down-regulated genes enriched in the B-cell pathway are known to participate in indirect presentation of alloantigens and T-cell activation (Redfield et al. 2011 ). These results highlight down-regulated B-cell lymphocyte function and up-regulation of several inflammatory mechanisms as major genomic changes induced by conditioning with E-TBI doses.
Gene expression in BALB.K mice conditioned with engrafting versus non-engrafting TBI doses We next analyzed for canonical pathways enriched in BALB.K mice conditioned with E-TBI as compared with NE-TBI doses. A genelist of significantly differentially expressed probe features in BALB.K mice given 300 cGy, the NE-TBI dose, is supplied as Supplemental File 4; and for probe features in BALB.K given 400 cGy, the E-TBI dose, as Supplemental File 5. Among the ten gene pathways most significantly enriched for mice conditioned with NE-TBI doses, shown in Fig. 3a , essentially all are also significantly enriched in mice given E-TBI doses. Among canonical pathways most enriched in mice given E-TBI doses, however, we observed that genes in the B-cell development pathway were not at all significantly induced or repressed if conditioning was given at NE-TBI levels instead (Fig. 3b) . These results suggest that down-regulation of B-cell signaling may be a key gene expression change acquired with increasing conditioning intensity from NE-TBI to E-TBI doses.
Real-time PCR Decreased transcript abundance of genes enriched in the B-cell development pathway may reflect relative TBI-mediated depletion of specific spleen lineage Fig. 1 Venn diagrams of microarray results according to mouse strain and TBI dose. Agilent Mouse 8x60K microarrays were used to analyze gene expression in spleens of control mice not given TBI or 24 h after TBI at indicated doses. Shown are proportional Venn diagrams displaying overlap of probe features significantly differentially expressed at B-H P value <0.05 and with fold change ≥2 in a BALB.K mice given TBI 400 cGy (the E-TBI dose) versus TBI 300 cGy (the NE-TBI dose), b B10.BR mice given TBI 500 cGy (the E-TBI dose) versus TBI 300 cGy (the NE-TBI dose), and c BALB.K mice given TBI 400 cGy versus B10.BR given TBI 500 cGy cells rather than down-regulated transcription. Indeed, as shown in Fig. 4a and b, we observed in the spleen of our mice 24 h after TBI a slight expansion of radioresistant B220 − CD11c + dendritic cells but also a more than onethird reduction in the proportion of B220 +
CD11c
− B cells and B220 + CD11c + plasmacytoid dendritic cells. Downregulated genes in the B-cell canonical pathway include those that encode H2-O and H2-M and that we have previously shown to be exclusively expressed in these cell populations (Chen and Jensen 2004; Chen et al. 2006) . Real-time PCR demonstrates, however, that the relative expression for two of these genes, H2-Ob and H2-DMb2, was significantly reduced after TBI compared with H2-Ab1 (Fig. 4c) . The H2-Ab1 gene encodes the beta chain of the MHC class II molecule and its constitutive expression is also highly restricted to these antigen-presenting cells (Glimcher and Kara 1992) . Further, for all H2-O and H2-M genes there was a dose-response relationship between transcript repression and increasing TBI dose, such that increasing from NE-TBI to E-TBI levels significantly reduced gene expression in all instances. Relative expression by real-time PCR was increased for CD80, a gene upregulated in the B-cell pathway, thereby validating the microarray findings. These results suggest that increasing the dose from NE-TBI to E-TBI levels significantly repress gene expression in the B-cell development pathway.
Upstream regulator of gene expression in mice conditioned with engrafting doses of TBI IPA upstream regulator analysis examines the known targets of an upstream regulator, which can be a transcription factor, cytokine, chemical, drug, or other molecule. It then compares the targets' actual direction of change, in a dataset such as our genelists, to expectations derived from the literature and issues a prediction for each upstream regulator based on a Z-score calculation. Results of an analysis for upstream regulators of gene corrected P values for each pathway according to genelists with significant probe features unique to B10.R (light blue), unique to BALB.K (medium blue), or shared by both BALB.K and B10.BR (dark blue). Also shown, for each canonical pathway, are bar plots for the ratio of genes present in the indicated genelist divided by the total number of genes in the pathway, with red indicating up-regulated and green indicating down-regulated genes expression changes induced by conditioning with E-TBI doses for BALB.K mice is supplied as Supplemental File 6, for B10.BR mice as Supplemental File 7, and for both mice as a summary of the most significant upstream regulators in Table 3 . Overall, there was remarkable similarity in predicted upstream regulators for both BALB.K and B10.BR mice. In both strains, the most significant upstream regulators included Tp53, a transcription factor known to be activated by ionizing radiation, and the IKK kinase complex, a signalsome that activates NF-kappaB in response to both inflammatory cytokines and DNA damage (Mercurio et al. 1997; Rashi-Elkeles et al. 2011) . In turn, the predicted upstream inflammatory stimuli in our dataset include innate sensing of danger signals, such as lipopolysaccharide, and by toll-like receptor 3, a Tp53-inducible sensor of doublestranded DNA. These stimuli are predicted to be ultimately delivered by upstream regulatory cytokine groups that include interferons, tumor necrosis factor, and transforming growth factor-beta (Menendez et al. 2011; Shan et al. 2007 ). These results show that the gene expression profile in our mice are broadly inflammatory in nature and consistent with expected physiologic responses to ionizing radiation such as conditioning with TBI.
Discussion
Inflammation, macrophage activation, and up-regulation of the complement pathway can be viewed as unintended consequences of TBI conditioning in that they either augment the Fig. 3 Canonical pathways enriched in BALB.K conditioned with engrafting versus non-engrafting TBI doses. Shown are canonical pathways most significantly enriched in genelists of probe features (B-H P value<0.05, and fold change ≥ 2) from BALB.K mice conditioned with a non-engrafting TBI doses, i.e., 300 cGy, or b engrafting TBI doses, i.e., 400 cGy. For each canonical pathway, shown are bar plots of the −log 10 of Benjamini-Hochberg corrected P values for each pathway according to genelists with significant probe features unique to BALB.K mice conditioned with 300 cGy (light gray) or 400 cGy (black). Each canonical pathway is also annotated with ratio of upregulated and down-regulated molecules overlapping with the pathway barrier to engraftment or, worse, contribute to toxicity of the preparative regimen. By contrast, our analysis identified a down-regulated canonical pathway related to B-cell development that instead may be directly beneficial for promoting BM engraftment. Considerable evidence from solid organ allograft models suggests that presentation of donor antigens by host antigen-presenting cells, including B-cell lymphocytes, via the indirect pathway of allorecognition can activate alloreactive CD4 T cells to mediate graft rejection (Redfield et al. 2011) . Repression of transcripts encoding H2-M and H2-O in the Bcell development gene pathway suggests one way through which recipient conditioning at E-TBI doses may mitigate this putative BM engraftment resistance mechanism. As we and others have shown, H2-M and H2-O are MHC class II-like molecules co-expressed in the endosomes of mouse B cells and dendritic cells that, along with their human counterparts HLA-DM and HLA-DO, participate in loading of peptide antigens into the peptide binding groove of MHC class II molecules (Fallas et al. 2007; Gu et al. 2013; Jensen 2007) . This forms the MHC-peptide antigen complex that interacts with cognate Tcell receptors to activate responding CD4 T cells. Reduced expression of H2-M and H2-O may compromise this indirect antigen processing pathway. Specifically, we have demonstrated that H2-O knockout mouse are impaired in presentation of exogenous antigens (Gu et al. 2013) and, further, it has been shown that mice deficient in H2-M have prolonged allograft survival compared with wild-type mice (Felix et al. 2000) . Whether these mechanisms contribute to resistance of BM engraftment has not been validated by in vivo engraftment assays. If confirmed, elucidation of how genes in this canonical pathway participate in BM rejection may identify key molecules or cell types that may be targeted for pre-transplant conditioning. An unresolved question still surrounding BM engraftment barriers is to what extent the initial presentation and recognition of donor antigens trigger downstream aggressive inflammatory and cytotoxic events that eventually result in elimination of donor BM cells (Hayry et al. 1984) . Our results suggest that, in the complete absence of donor antigens, gene expression changes induced by even a nonmyeloablative preparative regimen are sufficient to generate a robust inflammatory milieu primed to reject donor cells. In both human clinical samples and in rodent models, it has been shown that gut tissue injury in recipients occur as the result of toxicities from the conditioning regimen (Hill et al. 1997; van der Velden et al. 2010) . Further, gut injury leads to translocation of lipopolysaccharide across the damaged mucosa into the systemic circulation, thereby initiating release of inflammatory cytokines such as tumor necrosis factor and IL-1. The broad inflammatory signature of the genomic profile observed in our mice conditioned with TBI, with respect to both the associated canonical pathways and predicted upstream regulators, underscores the widespread nature of this inflammatory response.
From our functional analysis of gene expression patterns in mice conditioned with TBI, the up-regulated complement canonical gene pathway stands out as being significantly enriched with regards to both the P value for significance and ratio of gene overlap. The role of complement factors in BM engraftment resistance is largely unexplored, but has been shown to contribute strongly to rejection of solid organ allografts in mice (Kwan et al. 2012b ). Both host T cells and antigen-presenting cells produce complement proteins including C3a and C5a, as well as their respective Gprotein-coupled receptors, C3aR and C5aR. In rodent models of organ allografting, complement blockade attenuates T-cell activation and delays rejection while increasing complement activation, and, in recipients deficient for the complement regulatory protein decay-accelerating factor, accelerates allograft rejection (Vieyra et al. 2011) . Further, complement activation has been observed after marrowablative TBI doses in models of BM transplant associated graft-versus-host disease and to contribute to its pathogenesis (Kwan et al. 2012a) . Results from our genomic profiling show that complement factors are also activated in bulk splenocytes after non-myeloablative TBI conditioning. Thus, complement inhibitors may be an effective strategy for overcoming allogeneic BM engraftment barriers.
Another component of innate immunity that may be therapeutically viable relates to recent studies of BM engraftment barriers that implicate a previously unappreciated role for the reticulo-endothelial system, in particular those of macrophages. Host macrophages can clear donor BM hematopoietic stem cells, both autologous and allogeneic, via a mechanism dependent on interactions between SIRPA and CD47 (Jaiswal et al. 2009 ). The pro-inflammatory genomic profile induced by TBI in our mice includes many gene expression changes that cause macrophage differentiation and activation (Verschoor et al. 2012) . Upon inflammation, circulating monocytes extravasate through endothelium into tissue towards chemotactic danger signals. Once there, they differentiate into macrophages under the influence of macrophage colony stimulating factor, which was up-regulated after TBI in our mice (Delneste et al. 2003) . Lipopolysaccharide, an upstream regulator identified in the analysis, is a known activator of tissue-resident macrophages. This process can be further stimulated by apolipoprotein subsets, which we observed to be up-regulated in several inflammatory canonical pathways. Also up-regulated were macrophage-derived proinflammatory cytokines including tumor necrosis factor, IL-1, IL-18, and IL-33 (Berbee et al. 2010) . These findings support therapeutic approaches targeting CD47-mediated phagocytosis of donor BM stem cells to overcome engraftment resistance (Logan et al. 2012) . In summary, our results here provide novel insight into the gene expression profile induced in mice conditioned with TBI as recipients for a BM transplant. We assayed for genomic changes in a tissue representing a secondary lymphoid cell compartment, the spleen, and at a time point, 24 h after TBI, which is physiologically relevant for studying the BM rejection phenotype. From our functional analysis of the gene expression pattern, we highlighted canonical pathways involved with complement, macrophage, and B-cell function as areas that may be attractive for further interrogation. In our BM transplant model and in the common clinical practice where transplants are performed between HLA-compatible individuals, the preparative regimen is the primary determinant of engraftment. Further studies of findings presented here may therefore prove particularly insightful for better understanding the basis for BM engraftment resistance. For example, characterizing gene expression changes in other tissue sites, such as peripheral blood and BM, or in specific cell types that may participate in cellular rejection may be informative. Potential findings will need to be considered in the context of whether deleterious effects for promoting graft-versus-host disease is also conferred (Rowe et al. 2006) . Ultimately, this may lead to the design of novel preparative regimens for overcoming engraftment barriers and improved outcome after allogeneic hematopoietic cell transplantation in patients.
